to infer the sources of PM observed at the site. The analysis identified eleven source-related factors: sulfate-rich secondary aerosol (31.9%), motor vehicle (22.3%), aged sea-salt (11.1%), cement/carbon-rich (8.3%), airborne soil (7.4%), railroad traffic (5.7%), metal processing (3.1%), sea salt (3.0%), marine aerosol (2.8%), wood smoke (2.4%), and nitrate-rich secondary aerosol (1.9%). Basically, the factors of sulfate, airborne soil, and nitrate were likely to be regionally related sources. Motor vehicle, cement/carbon-rich, railroad traffic, metal processing, marine aerosol, and wood smoke factors were likely to be the local sources.
I. INTRODUCTION
Port Arthur, Texas (29°53'06"N, 93°56'24"W) located on the western bank of Sabine Lake, 130 km east of Houston and 25 km north of the Gulf of Mexico, is a medium size urban area in Southeast Texas. With two neighboring cities, Beaumont and Orange, it constitutes the so-called Golden Triangle in Texas, a major industrial area on the Texas Gulf Coast. Several major chemical plants, petrochemical plants, refineries, and waste management sites are located in Port Arthur. The Port Arthur monitoring site operated by US EPA is located at 2200 Jefferson Drive of Port Arthur. In an effort to better characterize the ambient air quality in Port Arthur of Texas, it is important to identify the possible sources of PM 2.5 in the region. To understand the source/receptor relationship, multivariate receptor models have been applied to the observed speciated PM over the years. The multivariate approach is based on the fundamental principle that mass conservation can be assumed, and a mass balance analysis can be used to identify and apportion sources of airborne particulate matter in the atmosphere [1] , [2] . Among the multivariate receptor models, positive matrix factorization (PMF) is a relatively new technique developed by [3] - [5] . It has been successfully applied to several source attribution studies [6] - [17] .
The objectives of this study are to (i) identify the sources of particulate pollutants at the site, (ii) estimate the source contributions as well as source composition of each possible source [18] - [26] , and (iii) investigate the regional-local source contrast using estimated source contributions and seasonal variations of each factor at the site. Such a study in this region of Texas has not been reported in earlier literature.
II. MATERIALS AND METHODS

A. Sampling and Measurements
The PM 2.5 composition sample data analyzed in this study was downloaded from the US EPA website at http://www. epa.gov/ttn/airs/airsaqs/, and processed to conform to the PMF data format. The original 24-h integrated samples were collected at the Port Arthur monitoring site (29°55'22"N, 93°54'32"W) using a fine particle sequential sampler. The Port Arthur site, 4 km off the intersection between highway 69 and 73, is located 30 km southeast of Beaumont (Fig. 1) . The sequential sampler used at the site was Partisol-Plus Model 2025 Sequential Air Sampler (Rupprecht/Patashnick Co. Inc.) with very sharp cut cyclone fractionators. Ambient air samples are drawn at a constant flow rate into a specially shaped inlet that removes particles with aerodynamic diameters greater than 2.5 μm, and the remaining particles are passed through a filter. Integrated 24-h PM 2.5 particle samples were collected on Teflon filters. Total mass was then determined gravimetrically from the filters. Most of PM samples were collected every third day and some were collected every sixth day during the time period between September 2005 and June 2009. A total of 343 samples were obtained at the site. Both mass concentration and elemental chemical speciation were determined using an energy dispersive X-ray fluorescence (XRF). An [19] . The site used in this PMF analysis is among those switched to. Furthermore, there was a high correlation of 2 r = 0.84 between phosphorous and sulfur at the Port Arthur site. On the other hand, 18 out of the 53 chemical species have a lower signal-to-noise ratio (S/N less than 0.4). As a result, these 18 species and phosphorous were also excluded in the PMF analysis. In the data matrix, there were missing values as well as below-detection-limit values. The comparison of measured PM mass to the sum of PM compositional data indicates that some of the measured PM mass concentrations were less than the sum of species concentrations. The analytical uncertainty estimates associated with each measured concentration and the detection limits for instruments were also reported. The possible source of measurement errors which can be considered as the uncertainty include the collection of over-and under-sized particles, the mass gain or loss of the collected PM mass, and the analytical sensitivity. Table I summarizes the PM 2.5 speciation data used in this study. 
B. PMF and Data Handling
In this study, PMF was used with the data collected at the Port Arthur site as discussed previously. PMF is an approach of factor analysis, and it is described in detail by [3] . Only a brief description of this approach is provided here. PMF uses the method of weighted least-squares to solve a general receptor modeling problem. The general model assumes there are p sources, source types or source regions (termed factors) impacting a receptor and the observed concentrations of various species at the receptor are linear combinations of the impacts from the p factors. The factor analysis model (PMF) can be written as − were increased by a factor of three because of its magnitude compared to the lower concentration species.
C. Robust Mode
It is well-known that extreme data values as well as true outliers can distort the least-squares estimation profoundly. A delicate handling of these data values is important, and PMF offers a robust mode to properly weigh these data points in the process of searching for the estimates. The robust factorization based on the Huber influence function [27] is a technique of iterative reweighing of the individual data values. The least squares approach with the robust factor analysis now leads to minimize Q a Data below the limit of detection were replaced by half of the reported detection limit values for the geometric mean calculations.
b Below detection limit.
D. Mass Apportionment
Because of the mass closure violation noted previously, the measured particle mass concentration was included as an independent variable in the PMF modeling to directly obtain the mass apportionment instead of using a regression analysis [9] , [10] . The estimated uncertainties of the PM 2.5 mass concentrations were set at four times of their values to reduce their weight in the model fit so that the magnitude of PM mass will not skew the analysis. When the measured particle mass concentration is included as an independent variable, the PMF apportions a mass concentration for each source based on its temporal variation without using a multiple linear regression. The results of PMF modeling are then normalized by the apportioned particle mass concentrations so that the quantitative source contributions are obtained. Specifically,
where k c denotes directly apportioned mass concentration by PMF for the kth factor. 
E. Conditional Probability Function
The conditional probability function (CPF) which calculates the probability that a source is located within a particular wind direction sector, θ Δ , is defined by (4) where m θ Δ is the number of occurrences that the source contribution exceeds the threshold criterion while the wind passes through sector θ Δ , and n θ Δ is the number of occurrences that the wind passes through direction sector θ Δ [9] , [10] , [28] . The source contribution estimates from PMF, coupled with wind direction values measured on site, were used to calculate the CPF. In order to minimize the effect of atmospheric dilution, however, daily fractional mass contribution from each source relative to the total contribution of all sources rather than the absolute source contribution was used [9] , [10] . The same daily fractional mass contribution was assigned to each hour of a given day so that it was coupled with the hourly wind direction. The hourly time periods with wind speed less than 1 m/s were removed from the data set. The angular interval θ Δ was set at 11.3 degrees, and the threshold criterion of upper 25% was used to show clear directionality of high conditional probability values.
III. RESULTS AND DISCUSSION
An essential step in PMF analysis is to determine the number of factors (sources) and source apportionment. For determination of the number of factors (sources), the basic consideration is to obtain a good fit of the model to the original data, and the model can well explain the physical meaning of the data. If there is goodness of fit, the theoretical value of Q in (2) should be approximately equal to the number of degrees of freedom or approximately equal to the number of entries in the data array provided that correct values of ij s have been used [29] . In a well-fit model, the residuals ij e and the error estimates ij s should not be too much different in size, and the ratio ( / ) ij ij e s should fluctuate between ±3. Juntto and Paatero [8] recommended values of ±2 for the ratio. Based on the criterion of obtaining the most physically meaningful solution with the calculated Q value of 15,400 close to the theoretical Q value of 11,662, the PMF identified eleven source types by trial and error with different numbers of factors. We termed these factors as sulfate-rich secondary aerosol, motor vehicle, aged sea-salt, cement/carbon-rich, airborne soil, railroad traffic, metal processing, sea salt, marine aerosol, wood smoke, and nitrate-rich secondary aerosol. Table II . Fig. 3 displays the identified source profile for each source at the site. Each source profile plot in Fig. 3 displays not only the profile estimate but also the lower and upper limit of a 90% confidence interval for the mean profiles. These limits were obtained by a bootstrapping technique [30] combined with a method to account for the rotational freedom in the solution. The smaller magnitude the whisker, the more consistent the estimate is and the larger magnitude the whisker, the less consistent the result is. In other words, the smaller magnitude the whisker, the smaller associated error the estimate has and the larger magnitude the whisker, the larger associated error the estimate has. Fig. 4 presents the time series plots of estimated source contributions to PM 2.5 mass concentrations for each source. The seasonal variations in the time series plots may be explained by variation in source strength, atmospheric transport, and possible chemical reactions in the atmosphere, or a combination of the three. The conditional probabilities of source direction (4) for each source are plotted in polar coordinates and displayed in Fig. 5 . The average source contributions of each source to the PM 2.5 concentrations in summer and winter are respectively presented in Fig. 6 . Among the eleven factors identified, the first factor is sulfate-rich secondary aerosol. Fig. 3 and Fig. 4 respectively show the factor profile and contribution resolved by PMF for this factor at the site. The source has a high concentration of carbon, SO 2 4 − , and NH 4 + . Mg, Na, and EC were associated with this factor. The significant OC association was consistent with several previous studies [10] , [23] . The mixed EC concentration probably reflects that the resolved factor by PMF may not merely represent one source. Molar ratio of ammonium to sulfate for this factor was 2.4 (0.86108/18: 1.8835/96) at the site. Because of the possible evaporation of ammonium during sample analysis and/or the uncertainty of the PMF estimate, sulfate is likely present mainly as ammonium sulfate at the receptor site. Carbon and trace elements usually become associated with the secondary sulfate aerosol in the atmosphere [10] . The source shows slightly higher concentrations in spring and early fall when the photochemical activity is still high in the region [16] , [25] . The CPF plot of this factor at the site in from northeast were likely to include eastern U.S. and east Texas sources under less frequently northeasterly wind conditions. The sulfate-rich secondary aerosol source accounts for 31.9% of the PM 2.5 mass concentration at the site. This is similar to the study of three northeastern US cities which identified its contributions of 47%, 55%, and 51% to the PM 2.5 mass concentration [25] . The top panel in Fig. 4 shows no particular seasonal peaks at the site which may imply that this factor is likely a regionally related factor. Fig.  6 shows higher concentrations in summer than winter. The second factor was not as readily interpreted as the other factors; however, it was identified as motor vehicle source characterized by higher concentrations of OC, EC, SO 2 4 − along with small amounts of Al, Br, Ca, Cl, Fe, K, and Si [7] . The top second panel in Fig. 3 shows the factor profile at the site. This factor might be accounted for the mixing of sources such as vehicles on interstate highway I-10, state highway SH 69, 73 and SH 347. The CPF plot in Fig. 5 suggests that this source includes high contributions from northeastern, northwestern, and northern directions which are the directions towards Beaumont, highway I-10, and Orange. It has short-term peaks in June and July (Fig. 4) , and shows a summer-high seasonal trend possibly due to the higher concentration of soil and road dust during that period. This source accounts for 22.3% of the PM 2.5 mass concentration at the site, and it shows a slightly higher average concentration in winter than summer (Fig. 6) .
The third factor was identified as aged sea-salt aerosol that is related to the sea salt factor [11] . It has high concentrations of Na and SO 2 4 − (Fig. 3) . A small amount of Al, Ca, Fe, K, Mg, and EC were associated with this factor at the site. It is originated from sea salt aerosol which has undergone the chloride loss reactions through acid substitution and yielded a higher loading of SO 2 4 − in the source than sea salt aerosol [11] . This chemical reaction usually occurs in the coastal areas with high sulfur loading. The composition of aged sea-salt aerosol depends on air quality and meteorological conditions, and therefore it was separately identified from sea salt. The higher sulfate loading in aged sea-salt aerosol has led to almost no chloride associated with this factor identified by PMF (Fig. 3) . However, the high chloride loading in sea salt has led to almost no sulfate loading in sea-salt aerosol identified by PMF (Fig. 3) . In Fig. 5 , there are indications of higher concentrations at the site from the direction of south which is consistent with the source direction of sea salt aerosol. This suggests that the source is likely influenced by the monitoring site being in the proximity to the Gulf of Mexico (Fig. 1) . The aged sea-salt aerosol source has slightly higher concentrations in spring and early summer than winter (Fig. 4 and Fig. 6 ). This source accounts for 11.1% of the PM 2.5 mass concentration at the site.
The fourth factor is related to a cement/carbon-rich source characterized by Ca, Si, OC, and NH 4 + [10] , [31] . The top fourth panel in Fig. 3 shows the factor profile at the site. A small amount of Al, Fe, and Mg were associated with this factor at the site. It contributes 8.3% to the PM 2.5 mass concentration at the site, and likely includes contributions from a couple of construction material sites and an unknown carbon-rich source possibly from chemical and refinery plants in Golden Triangle. The high carbon concentration of this source indicates that the cement and a carbon-rich source are co-located and daily emission patterns are similar [10] . The source shows slightly peak concentrations in spring. The top fourth panel in Fig. 4 shows the contribution of this factor at the site. It did not suggest any seasonal dependence and seasonal variations for this factor. This factor was slightly dominated by weekday-weekend local activity such as reduced activity at the construction material sites over weekends (weekday average contribution: 0. Fig. 6 shows a slightly higher average concentration in summer than winter.
The fifth factor was identified as airborne soil source represented by Al, Ca, Fe, K, Mg, Na, Si, and Ti [10] , [32] . It contributes 7.4% to PM 2.5 mass concentration at the site. The crustal particles could be contributed by unpaved roads, construction sites, and soil dust. The factor profile and contribution are respectively shown in Fig. 3 and Fig. 4 . The airborne soil shows seasonal variation with higher concentrations in summer (Fig. 4) , and it results in much higher summer contribution to the PM mass than winter shown in Fig. 6 . The short-term peaks in summer likely reflect the intercontinental dust transport as indicated in several analyses across the eastern US [22] . Prospero [33] showed that the summer trade winds carry African dusts into US from the direction of southeast which is consistent with what the CPF plot of this source (Fig. 5) indicates. Sahara dust typically has relatively lower calcium than US or Asian dust. The Al to Ca ratio of 6.6 in this source at the site (about 3.8 ratios in US or Asian dust) suggests that this source might have been influenced by African dusts. The mixed OC, NH 4 + , and NO 3 − concentrations in this factor (Fig. 3) imply that this source was mixed with some other sources during the long-range transport. The sixth factor was identified as railroad traffic represented by high Fe, Si, OC, EC, SO 2 4 − , and NO 3 − concentrations [20] . The top sixth panel in Fig. 3 shows the factor profile at the site. A small amount of Al, Ca, and Ti were associated with this factor at the site. Fig. 4 shows short-term peaks in summer likely influenced by summer soil. The CPF plot in Fig. 5 suggests that this source includes high contributions from northeast and southwest. It is likely influenced by the railroad located northeast of the monitoring site and the railroad to the port and the ship channel located 7 km southwest of the monitoring site. This source accounts for 5.7% of the PM 2.5 mass concentration at the site, and it shows a higher average concentration in summer than winter (Fig.   6 ). There are indications of slightly higher contributions from this source on weekends than weekdays (weekday average contribution: 0.575 3 / g m μ and weekend average contribution: 0.642 Railroad Traffic Secondary Nitrate Sea-Salt Motor Vehicle Marine Aerosol Wood Smoke Cement/Carbon Rich Metal Processing Secondary Sulfate Aged Sea-Salt The seventh factor suggested a source of metal processing because of the profile characterized by its high concentration of Fe, Zn along with OC, EC, and NH 4 + at the site [10] , [31] . The bottom fifth panel in Fig. 3 shows the factor profiles at the site. This factor is likely to include contributions from a couple of metal processing facilities in Port Arthur. The CPF plot of this factor at the site ( is possibly due to reduced processing activities at the facilities over weekends. This source accounts for 3.1% of the PM 2.5 mass concentration at the site, and it shows a slightly higher average concentration in winter than summer (Fig. 6) .
The eighth factor at the site has high concentrations of Cl and Na (Fig. 3) . It is clearly from the sea salt aerosol source [11] . As the Port Arthur monitoring site is located 25 km north of the Gulf of Mexico and 3 km northwest of Sabine Lake (Fig. 1) , the presence of sea-salt related aerosol is expected. Fig. 3 and Fig. 4 respectively show the factor profile and contribution resolved by PMF for this factor. Nitrate was associated with this factor at the site probably due to scavenging of nitrate during the transport from the coast. Ammonium and OC were also associated with this factor at the site. The source has short-term peaks in cool seasons (Fig. 4) and it contributes almost equally to PM mass in summer and winter shown in Fig. 6 . This source accounts for 3.0% of the PM 2.5 mass concentration at the monitoring site. The CPF plot in Fig. 5 clearly shows the relationship of this factor with wind directions from south. It indicates that this source is highly influenced by the monitoring site being in the proximity to the Gulf of Mexico. The ninth factor was identified as marine aerosol related to the sea salt factor [11] . The bottom third panel in Fig. 3 shows the factor profile at the site. It has high concentration of Na, Si, V, OC, EC, and NH 4 + . A small amount of Al, Cl, Fe, La, Mg, Ni, Pb, Sc, Sm, Sr, and Tb were also associated with this factor at the site. The content of Al, Cl, Fe, La, Na, Ni, Pb, Si, Sr, V, and high loading of OC, EC, NH 4 + in the source suggests that this factor might have been influenced by marine shipping emissions along the Gulf Coast. Ship traffic is increasingly recognized as a significant source for these trace metals in coastal areas. In Fig. 5 , there are indications of higher concentrations at the site from the direction of southwest which is the direction towards the port and ship channel from the monitoring site. The source has some large peaks in spring (Fig. 4) and a slightly higher average concentration in winter than summer (Fig. 6 ). This source accounts for 2.8% of the PM 2.5 mass concentration at the site.
The tenth factor was identified as wood smoke source which is characterized by Cl, K, EC, SO 2 4 − , and NO 3 − [10], [22] , [32] . A small amount of Al, Cu, Mg, Si, and Sr were also associated with this factor at the site. It contributes 2.4% to the PM 2.5 mass concentration at the site. Fig. 3 shows the profile result and Fig. 4 shows the factor contribution result for this source at the site. The wood smoke probably comes from residential wood burning, local agricultural biomass burning, and occasional forest fires. The short-term peaks in spring and summer (Fig. 4) were probably due to forest fires, and/or biomass burning from Central America. However, the short-term peaks in winter (Fig. 4) were probably due to residential wood burning. The CPF plot of this factor in Fig.  5 indicates that there were slightly higher contributions from northeast possibly because the business and residential areas in Port Arthur are located northeast of the monitoring site. The contributions from northeast were also likely influenced under less frequently northeasterly wind conditions in winter. This source has a slightly higher average concentration in winter than summer (Fig. 6 ). The eleventh factor resolved at the site mainly consists of ammonium and nitrate. The nitrate-rich secondary aerosol is identified by its high concentrations of NO 3 − and NH 4 + . Fig.   3 shows the profile result and Fig. 4 shows the factor contribution result for this source. EC and a small amount of trace metals were also associated with this factor possibly from the transported metallic aerosol. This source includes NH 4 + concentration that becomes associated with the secondary nitrate aerosol in the atmosphere. Molar ratio of ammonium to nitrate for this factor was 1.3 (0.07172/18:0.19739/62) at the site. Because of the possible evaporation of ammonium during sample analysis and/or the uncertainty of the PMF estimate, nitrate is probably present mainly as ammonium nitrate at the receptor site. Nitrate is formed in the atmosphere mostly through the oxidation of NO x depending on ambient temperature, relative humidity, and the presence of ammonia [22] . It has short-term peaks and higher trend in cool seasons possibly indicating that low temperature and high humidity foster the formation of nitrate aerosol in the region as discussed in the study for Atlanta [10] and three northeastern US cities [25] . Fig. 6 shows this source contributed more to the PM mass concentration in winter than summer which is consistent with the preceding discussion of nitrate formation likely in cool season. In the CPF plot of this factor at the site (Fig. 5) , the higher contributions from southeast indicate that the nitrate aerosol was possibly influenced by the sources along the Gulf Coast under prevailing flow from the south, in particular, the refineries located in south of the monitoring site. The source accounts for 1.9% of the PM 2.5 mass concentration at the site.
IV. CONCLUSION
An air quality study has been carried out to identify the sources of particulate pollutants at an EPA monitoring site in Texas, namely, the Port Arthur site located in Golden for PM. In this study, the collected PM 2.5 compositional data at the monitoring site were analyzed using PMF for source attribution. The PMF effectively identified eleven possible source-related factors for PM 2.5 . The estimated source contributions for the eleven factors at the site were obtained from the PMF analysis.
Sulfate-rich secondary aerosol extracted by PMF had the highest contribution to the PM 2.5 mass in the region and accounted for almost 32% of the total concentration at the site. Sulfate and nitrate mainly exist as ammonium sulfate and ammonium nitrate at the receptor site. The airborne soil factor has high source contribution peaks during the summer likely reflecting the intercontinental dust transport. The sea salt factor is clearly seen at the site from the Gulf of Mexico. The aged sea-salt aerosol was originated from sea salt aerosol; however, it was separately identified because of the chloride loss during chemical reactions in the atmosphere. A couple of metal processing facilities in Port Arthur are clearly suggested of being related to the source of metal processing. The marine aerosol is mainly influenced by ship traffic at the ship channel and the port. Sulfate, airborne soil, nitrate are likely to be regional factors; however, motor vehicle, cement/carbon-rich, railroad traffic, metal processing, marine aerosol, and wood smoke are likely to be local factors.
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